INTRODUCTION {#sec1}
============

The white sucker Catostomus commersonii is a freshwater teleost that is endemic to river systems in the midwestern and northeastern United States. The widespread distribution and life history of white suckers has made them a target species in numerous contaminant-monitoring and effects studies ([@B1][@B2][@B3]). The prevalence of tumors in white sucker is currently used as an indicator of exposure to environmental contaminants and is also a criterion used in the assessment and listing or delisting of areas of concern (AOCs) throughout the Great Lakes region. Fish tumors or other deformities, specifically in white sucker or brown bullhead, are listed as one of the "beneficial use" impairments at Great Lakes AOCs ([@B4]). In 2010, the Great Lakes Restoration Initiative specifically targeted certain priorities, one of which was the evaluation and monitoring of progress in AOCs ([@B5]). One component of this program was the assessment of wild populations present at potentially impacted sites. A suite of biomarkers ranging from the molecular to the organismal level was developed for multiple fish species ([@B6]). During the development of a hepatic transcriptome for white sucker, we identified the presence of a novel hepatitis B-like virus.

Hepatitis B virus (HBV) is an enveloped, reverse-transcribing DNA virus of the family Hepadnaviridae. Hepadnaviruses are small (∼42 nm), spherical viruses characterized by a compact, circular, partially double-stranded DNA genome approximately 3.2 kb in length. The genome utilizes all three forward frames to carry transcripts of three to four overlapping, canonical open reading frames (ORFs): the pre-C/C ORF, the pre-S/S ORF, the polymerase (Pol) ORF, and the X ORF. These reading frames encode the nucleocapsid protein (core antigen), envelope proteins (surface antigen), polymerase/reverse transcriptase polyprotein, and regulatory transactivating protein, respectively. The life cycle of HBV can be broadly divided into three stages that begin with infectious virions containing circular, partially double-stranded but not covalently closed DNA (relaxed circular DNA \[rcDNA\]). These virions attach to carbohydrate side chains of hepatocyte-associated heparin sulfate proteoglycans on the host cell membrane that initiate a multistep entry process ([@B7]). Once within the host cell, rcDNA is converted into covalently closed circular DNA (cccDNA). This serves as a template for the transcription of pregenomic RNA (pgRNA) and mRNA ([@B8], [@B9]).

The family Hepadnaviridae is comprised of two recognized genera, Orthohepadnavirus (type species, Hepatitis B virus \[HBV\]) and Avihepadnavirus (type species, *Duck hepatitis B virus* \[DHBV\]). The orthohepadnaviruses infect humans and other mammals, including the Old World great apes ([@B10][@B11][@B13]), while the avihepadnaviruses infect avian species ([@B14][@B15][@B19]). In general, these viruses have narrow host ranges, and infection leads to variable presentation and outcomes. These viruses exhibit a tropism for hepatocytes and are typically associated with acute and chronic liver diseases, including fibrosis, cirrhosis, cholangiocarcinoma (CC) ([@B20]), and hepatocellular carcinoma (HCC) ([@B21], [@B22]). It is estimated that 350 million people are chronically infected with HBV ([@B23]). Consequently, HCC is the fifth most frequent human cancer ([@B24]). In birds, liver pathology is less commonly observed with hepadnavirus infections ([@B25]). Viral replication is noncytopathic, and tissue pathology is typically associated with the immune response to viral antigens. Current evidence suggests that birds are the ancestral host of the mammalian orthohepadnaviruses ([@B26]). To date, hepadnaviruses have not been identified in fishes. Here, we report the complete genome of a novel hepadnavirus isolated from the white sucker and present molecular and morphological evidence to support its assignment as the type species of a new genus in the family Hepadnaviridae. We also examine the prevalence of viral transcription in white sucker collected from five rivers of the Great Lakes region and the association of virus with hepatic neoplasia.

MATERIALS AND METHODS {#sec2}
=====================

Sampling. {#sec2-1}
---------

We collected liver tissue from wild-caught, white sucker (*n* = 169) inhabiting five rivers in the Great Lakes region ([Fig. 1](#F1){ref-type="fig"}; see also Table S1 in the supplemental material). These samples were preserved in RNAlater (Life Technologies, Grand Island, NY) for a transcriptome assembly project (PRJNA282680) and quantitative gene expression analyses. A liver sample from a white sucker collected from Michael Brook near Carmel, NY, was included for this purpose as well. Tissue was not collected for DNA applications from these fish. In an attempt to collect samples suitable for DNA analysis, we collected white sucker (*n* = 20) from the Root River (Racine, WI) in the spring of 2014. Liver tissue was excised and stored in 90% ethanol for subsequent DNA extraction. All fish were euthanized with a lethal dose of tricane methanesulfonate (MS-222, Finquel; Argent Laboratories, Redmond, WA) according to approved Animal and Care Safety protocols (U.S. Geological Survey, Leetown Science Center, Kearneysville, WV). Prior to necropsy, blood was collected using heparinized syringes, transferred to heparinized Vacutainers, and stored on wet ice until centrifuged. Plasma samples were stored at −80°C until analyzed. Additional liver tissue was preserved in Z-fix (Anatech Ltd., Battle Creek, MI) from all individuals for subsequent histopathological assessment.

![Map of white sucker sample locations. These include the St. Louis River, Green Bay and Lower Fox River, Milwaukee Estuary, Detroit River and Maumee River areas of concern, and the Root River.](zjv9990909850001){#F1}

High-throughput sequencing. {#sec2-2}
---------------------------

Total RNA was extracted using an E.Z.N.A. Total RNA kit (Omega Biotek, Norcross, GA) from nine individuals, pooled, and enriched for non-rRNA using a Ribo-Zero rRNA removal kit (Epicentre, Maidson, WI). An RNA sequencing library was prepared, and paired-end (2 by 100 bp) ultradeep sequencing was carried out at the Institute for Genome Sciences (Baltimore, MD) on an Illumina HiSeq2000.

Read pairs were quality screened and adapter trimmed prior to *de novo* assembly into contigs with CLC Genomics Workbench, version 7. As part of routine efforts to screen for contaminating sequences, blastx searches identified contigs with sequence similarity to hepadnaviruses, which we then culled from our white sucker transcriptome assembly, which is to be described elsewhere.

Full-genome resequencing and mapping. {#sec2-3}
-------------------------------------

The initial indication that a hepadnavirus was present in our pooled liver sample was based on blastx results of *de novo*-assembled RNA transcripts ([Fig. 2](#F2){ref-type="fig"}). To avoid the inclusion of pgRNA or viral mRNA in the genome model, we isolated DNA from an ethanol-preserved liver. Resequencing was conducted on a single, PCR-positive fish collected from the Root River (white sucker hepatitis B virus \[WSHBV\] RR173). The DNA was extracted using a DNeasy kit (Qiagen, Valencia, CA) as per the manufacturer\'s protocols. Primers were designed to resequence the complete genome and confirm a circular architecture. We used Primer3, version 2.3.4 ([@B27]), to design these primers. Default parameters were modified to amplify 280- to 797-bp products (see Table S2 in the supplemental material). Sequence overlap ranged from 19 to 461 bp, with a mean overlap of 189 bp (see Fig. S1). PCR conditions are noted in Table S2 in the supplemental material. All PCR amplicons were purified using a QIAquick purification kit (Qiagen, Valencia, CA). Dideoxy sequencing was conducted using BigDye Terminator, version 3.1, chemistry and an ABI 3100 genetic analyzer (Applied Biosystems, Forster City, CA). The resulting sequences were assembled into a single circular sequence using Geneious (version R7; Biomatters) ([Fig. 3](#F3){ref-type="fig"}).

![Graphic summary of blastx results identify genomic organization and signature conserved domains consistent with those of hepadnaviruses. NTP, nucleoside triphosphate; RF, reading frame.](zjv9990909850002){#F2}

![Genome organization of the WSHBV. The complete genome consists of 3,542 nucleotides of double-stranded DNA that encode three partially or completely overlapping ORFs (RFs +1, +2, and +3). Open reading frames encoding the core, polymerase, and surface proteins are indicated in black. Conserved domains are indicated in gray.](zjv9990909850003){#F3}

Per-base coverage of the genome model in Illumina RNA reads was assessed by mapping the reads with bowtie2 ([@B28]) using the "end-to-end" and "very-sensitive" quick switches and specifying a maximum fragment length of 700 bp. Mapping quality and mismatches/polymorphisms were investigated with the alignment summary metrics package of Picard (Broad Institute \[<http://broadinstitute.github.io/picard/>\]) and with the Tablet alignment viewer ([@B29]). In addition, we searched for polyadenylated RNA sequences consistent with functional polyadenylation sites. To do this, we remapped Illumina reads from the liver cDNA library using bowtie2 and targeting genomic windows from 100 positions 5′ to 100 positions 3′ of each candidate site. The bowtie2 mapping mode was local rather than end to end to allow A homopolymers to remain unmapped while allowing templated mRNA upstream of the homopolymer to be mapped. The remaining bowtie2 parameters were the default values. A total of 16,384 unique fragments (read pairs or singletons) mapped to these seven (partly overlapping) regions.

In addition to resequencing, we assessed the presence of WSHBV DNA in all fish collected from the Root River via endpoint PCR (primer set and conditions are given in Table S2 in the supplemental material). This was also conducted to confirm that the viral sequence was not endogenous. Template DNA from both liver and plasma was used for this screening. DNA was extracted from plasma using a DNeasy kit (Qiagen, Valencia, CA) as per the manufacturer\'s protocols.

Electron microscopy. {#sec2-4}
--------------------

Plasma samples from fish testing positive by PCR were diluted in TNE buffer (50 mm Tris-HCl, 100 mm NaCl, 0.1 mm EDTA, pH 7.4) to a volume of 5 ml and pelleted by ultracentrifugation through a 200-μl cushion of 25% (wt/wt) sucrose in TNE buffer (150,000 × *g* for 1 h at 10°C) (Beckman SW50.1 rotor). The pellet was resuspended in 0.5 ml of TNE buffer and layered onto a gradient composed of 1.5 ml of 30% (wt/wt) CsCl, 1.5 ml of 35% (wt/wt) CsCl, and 1.5 ml of 40% (wt/wt) CsCl in TNE buffer. After centrifugation to equilibrium for 16 h (115,000 × *g* at 10°C) (Beckman SW 50.1 rotor), 250-μl fractions were collected from the gradient, and the densities determined using a refractometer. Fractions with a density at or near 1.22 g/ml were pooled and diluted with TNE buffer to a volume of 4.5 ml, and the virus was pelleted through a 200-μl cushion of 25% (wt/wt) sucrose (150,000 × *g* for 2 h at 10°C) (Beckman SW50.1 rotor). The pellet of gradient-purified virus was dried and diluted in 50 μl of distilled water. Samples of the virus were adsorbed onto 400-mesh Formvar/silicone monoxide-coated copper grids (Electron Microscopy Sciences) for 3 min and negatively stained either with 1% phosphotungstic acid (PTA), pH 6.5, or with 0.5% or 1% uranyl acetate (UA) for 1 min. Grids were sent to the electron microscopy facility at the University of Montana, where they were examined using a Hitachi H-7100 transmission electron microscope (Hitachi High Technologies America, Inc.) and photographed digitally.

Survey of hepadnavirus prevalence in white sucker. {#sec2-5}
--------------------------------------------------

In order to assess the general prevalence and geographic distribution of WSHBV in wild-caught white sucker, we targeted WSHBV core protein RNA using a custom Nanostring CodeSet designed for a separate, ongoing study ([@B6]). The hybridization CodeSet targeted the RNA sequence in the coding region of the core protein. The hybridization code set was designed by Nanostring Technologies, and nCounter analysis was conducted at the University of Pittsburgh, Genomics Research Core. This hybridization analysis method specifically targets RNA and not DNA. Liver samples (mass, 15 to 25 mg) collected from fish inhabiting waters in the Great Lakes region and preserved in RNAlater were homogenized in TRK lysis buffer (OmegaBiotek, Norcross, GA) using 5-mm stainless steel balls in a TissueLyzer (Qiagen, Valencia, CA) at 30 Hz for 8 min. Lysate was centrifuged at 13,000 × *g* for 10 min. The clarified lysate was then frozen at −80°C for subsequent nCounter analysis.

In order to normalize the transcript count data and conservatively filter false positives, we utilized the internal negative-control (background) count data output from the analysis. We set the background value to subtract from target counts equal to the mean plus three standard deviations of all negative controls from all sample counts. Data were then normalized to the tissue mass.

Relationship between WSHBV and liver tumor prevalence. {#sec2-6}
------------------------------------------------------

Hepatocellular carcinoma is associated with HBV infection in humans. Hepatic tumors are not uncommon in white sucker inhabiting the Great Lakes regions, and prevalence of this pathology is used as an indication of contaminant exposure. Liver tissue preserved in Z-fix (Anatech Ltd., Battle Creek, MI) was therefore processed for histopathological observation via graded alcohols, paraffin infiltration, and embedding. Tissues were sectioned at 5 μm and stained with hematoxylin and eosin. Hepatic tumors included HCC, hepatic adenoma (HA), cholangioma (CO), and cholangiocarcinoma (CC). Tumor and virus data were converted to a binary data set, and Jaccard binary dichotomy coefficients were determined to evaluate dissimilarity.

Sequence comparisons and phylogenetic analysis. {#sec2-7}
-----------------------------------------------

Once a complete genome of the WSHBV was constructed, we performed additional blastn and blastx searches within the NCBI nucleotide collection (nonredundant nucleotide \[nr/nt\]). Although hepadnaviruses from fish have not been reported previously, we suspected that related sequences may exist in public nucleotide data. We executed tblastn queries in the transcriptome shotgun assembly (restricted to bony fishes; NCBI taxid:7898) database using translated gene products from all three predicted ORFs. Additionally, given that hepadnaviruses are integrating viruses and that relic genomes (endogenous viral elements \[EVEs\]) have been identified in avian genomes, we executed tblastx queries against the reference genomic sequences (restricted to bony fishes; taxid:7897) to further assess the possibility of endogenization events of hepadnaviruses in fishes.

Phylogenetic relationships of the white sucker hepatitis B virus (WSHBV) genome and predicted gene products (core, polymerase, and surface) were compared to those of members of the genera Avihepadnavirus and Orthohepadnavirus. We used nucleotide and protein sequences from the duck HBV (DHBV), Ross\'s goose HBV (RGHBV), sheldgoose HBV (ShHBV), heron HBV (HHBV), parrot HBV (PHBV), snow goose HBV (SGHBV), horseshoe bat HBV (HBHBV), bat HBV (BtHBV), roundleaf bat HBV (RBHBV), tent-making bat HBV (TBHBV), ground squirrel HBV (GSHBV), woodchuck HBV (WHBV), and human HBV (HuHBV). Accession numbers of included HBV protein or nucleotide sequences are listed in [Tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}.

###### 

Size and biochemical properties of predicted hepadnavirus core, polymerase, and surface proteins

  Virus   Polymerase protein             Surface protein   Core protein                                                                                                           
  ------- ------------------------------ ----------------- -------------- ------- ------------------------------ ----- ------ ------ ------------------------------ ----- ------- ------
  WSHBV   [AKT95195](AKT95195)           789               9.76           87.3    [AKT95194.2](AKT95194.2)       346   9.51   39.6   [AKT95193](AKT95193)           213   9.68    24.3
  PHBV    [YP_004956864](YP_004956864)   795               9.77           90.3    [YP_004956865](YP_004956865)   375   9.31   41.4   [YP_004956862](YP_004956862)   305   9.55    34.8
  HHBV    [NP_040998](NP_040998)         788               9.93           90.0    [NP_040999](NP_040999)         335   8.84   37.2   [NP_040997](NP_040997)         305   9.69    34.9
  ShHBV   [YP_024974](YP_024974)         796               9.91           90.6    [YP_024975](YP_024975)         338   8.88   37.8   [YP_024972](YP_024972)         305   9.71    35.2
  SGHBV   [YP_031695](YP_031695)         787               10.08          90.0    [YP_031696](YP_031696)         329   9.18   36.6   [YP_031693](YP_031693)         305   9.49    34.9
  RGHBV   [YP_024968](YP_024968)         785               9.91           89.4    [YP_024969](YP_024969)         325   8.90   36.4   [YP_024967](YP_024967)         305   9.39    35.0
  DHBV    [NP_039822](NP_039822)         788               9.92           89.3    [NP_039824](NP_039824)         330   8.35   37.0   [ADP55743](ADP55743)           262   9.85    30.2
  HBHBV   [YP_009045995](YP_009045995)   902               10.01          100.6   [YP_009045996](YP_009045996)   224   8.41   25.4   [YP_009045998](YP_009045998)   217   9.57    24.9
  RBHBV   [YP_009045991](YP_009045991)   899               10             99.9    [YP_009045992](YP_009045992)   224   8.41   25.4   [YP_009045994](YP_009045994)   217   9.61    25.0
  BtHBV   [YP_007677999](YP_007677999)   853               9.91           95.2    [YP_007678000](YP_007678000)   399   7.91   44.4   [YP_007678002](YP_007678002)   217   9.58    24.9
  TBHBV   [YP_009045999](YP_009045999)   827               9.78           93.2    [YP_009046000](YP_009046000)   223   8.27   25.0   [YP_009046002](YP_009046002)   188   9.35    21.7
  GSHBV   [NP_040994](NP_040994)         881               9.57           100.0   [NP_040995](NP_040995)         282   6.85   31.8   [NP_040993](NP_040993)         217   9.34    25.2
  WHBV    [NP_671813](NP_671813)         884               9.71           99.4    [NP_671814](NP_671814)         431   8.51   48.9   [NP_671816](NP_671816)         188   10.12   21.7
  HuHBV   [NP_647604](NP_647604)         843               9.83           94.6    [YP_355333](YP_355333)         400   8.21   43.7   [YP_355335](YP_355335)         212   9.49    24.3

Number of amino acids (aa).

###### 

Percent nucleotide identity compared to WSHBV of hepadnaviruses partitioned by open reading frame

  Virus (GenBank accession no.)    \% Identity at the indicated level                                   
  -------------------------------- ------------------------------------ ------- ------- ------- ------- -------
  PHBV ([NC_016561](NC_016561))    40.54                                29.82   40.44   22.25   33.89   22.26
  HHBV ([NC_001486](NC_001486))    40.30                                30.06   42.22   23.51   33.67   21.92
  RGHBV ([NC_005888](NC_005888))   40.94                                30.17   40.99   25.82   35.79   21.92
  SGHBV ([NC_005950](NC_005950))   41.97                                29.21   40.55   24.05   35.12   21.92
  ShHBV ([NC_005890](NC_005890))   40.97                                29.45   40.28   24.53   35.34   21.23
  DHBV ([NC_001344](NC_001344))    41.59                                28.97   41.24   24.86   36.72   24.50
  TBHBV ([NC_024445](NC_024445))   35.55                                23.79   25.00   27.07   27.16   16.82
  HuHBV ([NC_003977](NC_003977))   35.63                                22.85   36.25   20.00   28.05   16.31
  GSHBV ([NC_001484](NC_001484))   36.12                                25.52   39.69   15.33   31.17   19.31
  WHBV ([NC_004107](NC_004107))    37.28                                26.13   36.38   18.82   28.69   20.69
  BtHBV ([NC_020881](NC_020881))   36.99                                25.25   33.69   18.33   29.58   21.46
  RBHBV ([NC_024443](NC_024443))   36.66                                25.00   44.30   16.21   29.32   16.74
  HBHBV ([NC_024444](NC_024444))   36.76                                24.73   43.87   15.46   29.71   17.17

Following Cui and Holmes ([@B30]), we aligned the protein sequences using default settings in MUSCLE ([@B31]). We then determined the appropriate amino acid substitution model with ProtTest, version 2.4 ([@B32]). Maximum-likelihood phylogenetic analyses were executed in PhyML ([@B33]) using the LG (Le and Gascuel; core), WAG (Whelan and Goldman; polymerase), and JTT (Jones, Taylor, and Thornton; surface) models of amino acid substitution with 1,000 bootstrap replicates to evaluate the phylogenetic relationships of mammalian, avian, and white sucker HBVs. Nucleotide sequences for these ORFs were aligned in MUSCLE as well to determine nucleotide identity. Complete genomes were rearranged such that the first nucleotide corresponded to the start codon of the core ORF. We then aligned the sequences using MUSCLE and determined the appropriate substitution model with MEGA, version 6.0 ([@B34]). Phylogenetic relationships were determined with PhyML using the general time-reversible (GTR) nucleotide substitution model.

Nucleotide sequence accession number. {#sec2-8}
-------------------------------------

The complete genome sequence of WSHBV RR173 was deposited in the GenBank under accession number [KR229754](http://www.ncbi.nlm.nih.gov/nuccore/KR229754).

RESULTS {#sec3}
=======

Sequencing the viral genome and ORF organization. {#sec3-1}
-------------------------------------------------

*De novo* assembly of ribosome-depleted RNA isolated from white sucker included a linear contig of 3,519 bp with blastx similarity to hepadnaviruses. Our finished genome, 2014 WSHBV RR173 (GenBank accession number [KR229754](http://www.ncbi.nlm.nih.gov/nuccore/KR229754)), was 3,542 bp. Dideoxy sequencing confirmed a circular architecture of the genome ([Fig. 3](#F3){ref-type="fig"}). Remapping Illumina reads to the complete genome included 131,080 reads. Genome coverage was high (average coverage, 3,184×; maximum coverage, 7,215×) with a mismatch frequency of 0.2% ([Fig. 4](#F4){ref-type="fig"}). The genome size of WSHBV was larger than the sizes of other previously described hepadnaviruses genomes (3,542 versus 3,377 bp from HBHBV) and included an atypical, presumably noncoding, region comprised of 679 bp (nucleotides \[nt\] 2538 to 3214). We confirmed the presence of this region as authentic viral sequence using primer sets anchored in the polymerase and core ORFs or in one of these ORFs and the noncoding region (see Fig. S2 and Table S2 in the supplemental material). This presumably noncoding region terminated with a noncanonical polyadenylation signal (TATAAA; nt 3211 to 3216). Three additional polyadenylation signals were identified at nt 596 to 601, 1954 to 1959, and 3148 to 4158. Traditional polyadenylation signals were located at nt 2544 to 2549, 3201 to 3206, and 3425 to 3430. Local remapping of the short reads identified the noncanonical hexanucleotide polyadenylation signal (TATAAA; nt 3211 to 3216) that terminated the presumptively noncoding region as the single polyadenylation site. The GC content of the complete genome was 42% while the noncoding region had a considerably lower GC content of 34%.

![Genome coverage per base of the WSHBV in the pooled liver sample utilized for high-throughput sequencing of RNA transcripts (RNA-seq) analysis (131,080 reads). Locations of the open reading frames that encode the core, polymerase, and surface proteins are indicated at the top of the figure.](zjv9990909850004){#F4}

The genome organization was similar to that of other hepadnaviruses. *In silico* translation identified three partially or completely overlapping reading frames (RF; +1, +2, and +3). These corresponded to the core protein, polymerase protein, and surface protein of prototypical hepadnaviruses. A hepatitis B X protein homologue common to orthohepadnaviruses was not present. The numbering of base pairs in the hepadnavirus genome is typically assigned based on a conserved cleavage site for EcoRI. This restriction site is absent from the WSHBV genome. We therefore manually aligned the WSHBV to the genome of the DHBV (GenBank accession number [NC_001344](NC_001344)), such that the start codons of the polymerase protein (nt 176) corresponded.

Open reading frame 1 (RF +1; nt 3216 to 3542, 1 to 315) encodes the core polyprotein of 213 amino acids with a theoretical average molecular mass of 24,255.67 Da ([Table 1](#T1){ref-type="table"}). The size of this ORF was in the range of that of other hepadnaviruses but was more similar (in size) to the ORF sizes of the orthohepadnaviruses. We identified the hepatitis core antigen conserved domain within this ORF (nt 46 to 204) ([Fig. 3](#F3){ref-type="fig"}; see also Table S3 in the supplemental material). Pairwise alignment with avian and mammalian hepadnaviruses revealed 16 to 25% amino acid identity ([Table 2](#T2){ref-type="table"}; see also Fig. S3). Based on amino acid identity, the WSHBV was more similar to avihepadnaviruses. The isoelectric point of this polyprotein was 9.68, which is within the range reported for avian and mammalian hepadnaviruses (pI 9.34 to 10.12). The core ORF of HHBV contains a hydrophobic N-terminal extension of 29 amino acids that forms a signal peptide ([@B35]). We identified a similar, but shorter (21 amino acids), hydrophobic N-terminal extension in the WSHBV RR173 genome.

Open reading frame 2 (RF +2; nt 170 to 2536) encodes the viral polymerase protein of 789 amino acids and is similar in size to other hepadnavirus P proteins (785 to 902 amino acids) ([Table 2](#T2){ref-type="table"}). This ORF contains four conserved domains that include viral DNA polymerases and reverse transcriptase ([Fig. 3](#F3){ref-type="fig"}; see also Table S3 in the supplemental material). Pairwise alignment with avian and mammalian hepadnaviruses indicated 23 to 30% amino acid identity ([Table 2](#T2){ref-type="table"}; see also Fig. S4). The terminal region of this ORF associated with RNase H activity had the greatest GC content in the genome (65%). This ORF partially overlaps ORF +1 (core protein) and completely overlaps ORF +3 (surface protein).

Open reading frame 3 of WSHBV (RF +3; nt 684 to 1724) was homologous to the large surface protein of hepadnaviruses. We identified a conserved domain for major surface antigen from hepadnavirus (vMSA) in this ORF (nt 1281 to 1487) ([Fig. 3](#F3){ref-type="fig"}; see also Table S3 in the supplemental material). An atypical conserved domain for amelogenin was also identified (nt 834 to 1094). Pairwise alignment with avian and mammalian hepadnaviruses indicated 15 to 27% amino acid identity ([Table 2](#T2){ref-type="table"}; see also Fig. S5). The EcoRI site typically present in this ORF was not present, as noted above.

Identification of additional fish hepadnavirus sequence. {#sec3-2}
--------------------------------------------------------

The best blastn hit for the complete genome of the WSHBV was to the large S gene of HHBV (isolate Kyoto-LS-2006; GenBank accession number [AB809504](AB809504)). The E value of this alignment was 8e−27 with 74% identity; however, the query coverage was only 6%. A blastx search identified crane HBV polymerase (GenBank accession number [CAD29588](CAD29588)) as the best match. The E value was 7e−104 with 35% identity and 58% query coverage. The most convincing evidence that we had identified a genome of a novel hepadnavirus was the graphic summary in which conserved domains of HBV were identified in three reading frames and in the appropriate genomic organization ([Fig. 2](#F2){ref-type="fig"}).

A tblastn query in the transcriptome shotgun assembly (restricted to bony fishes; NCBI taxid:7898) database using the P protein identified a 2,186-bp transcript from a Lake Tanganyika African cichlid (GenBank accession number [JL559376](JL559376); Ophthalmotilapia ventralis) liver library. The E value for this was 4e−49 with 32% identity and 66% query coverage. When this contig was used in a blastx query, the most significant alignment produced was to stork HBV (E value, 4e−53; 34% identity; 67% query coverage).

A tblastx search performed using the complete genome of WSHBV against all available reference genomic sequences of bony fishes identified the best matches as northern pike (GenBank accession numbers [NC_025975.1](NC_025975.1) and [NW_011545020.1](http://www.ncbi.nlm.nih.gov/nuccore/NW_011545020.1)); however, both had low query coverage (14% and 9%) and E value (0.30) scores. This cursory paleovirological exploration did not identify evidence of endogenized hepadnaviruses in fish genomes.

Phylogenetic analysis and amino acid conservation. {#sec3-3}
--------------------------------------------------

Phylogenetic analyses of predicted WSHBV proteins with respect to those of previously described hepadnaviruses depict well-supported monophyletic groups comprised of the orthohepadnaviruses (mammals) and avihepadnaviruses (birds) which do not include the WSHBV ([Fig. 5](#F5){ref-type="fig"}). Analysis which included the putative hepadnavirus polymerase protein from African cichlid depicts poorly resolved paraphyletic groups between fish species that are distinct from the known viruses of mammalian and bird hosts ([Fig. 5A](#F5){ref-type="fig"}). A similar tree topology was identified for the nucleotide analysis of the complete genomes ([Fig. 6](#F6){ref-type="fig"}). Multiple alignments of the core, polymerase, and surface proteins with a subset of mammalian and avian hepadnaviruses identified amino acid conservation within critical conserved domains (see Fig. S3, S4, and S5 in the supplemental material).

![Unrooted phylogram illustrating the phylogenetic relationships of mammalian, avian, and fish hepadnavirus proteins: polymerase protein (A), surface protein (B), and core protein (C). Results are from maximum-likelihood phylogenetic analysis using PhyML (1,000 replicates). Analysis of the polymerase protein includes that from another fish (African cichlid hepatitis B virus \[ACHBV\]). Asterisks denote bootstrap support of 100% (\*\*\*), \>90% (\*\*), or \>70% (\*).](zjv9990909850005){#F5}

![Unrooted phylogram denoting the phylogenetic relationships of mammalian, avian, and fish hepadnavirus genomes. Results are from maximum-likelihood phylogenetic analysis using PhyML (1,000 replicates). Asterisks denote bootstrap support of 100% (\*\*\*), \>90%(\*\*), or \>70% (\*).](zjv9990909850006){#F6}

Electron microscopy. {#sec3-4}
--------------------

Examination of the grids prepared using plasma from fish testing positive by PCR showed two types of typical hepadnavirus-like particles. These included complete particles of approximately 40 nm in diameter that were morphologically similar to the Dane particles of hepatitis B virus ([Fig. 7](#F7){ref-type="fig"}). These larger particles were greatly outnumbered by smaller particles of approximately 20 to 25 nm, thought to be composed of virus surface antigen.

![Transmission electron micrographs showing both complete virions of approximately 40 nm in diameter and smaller particles assumed to be composed of self-assembled virus surface proteins. The two types of particles from gradient-purified white sucker serum have a strong resemblance to those of other hepatitis B-like viruses from mammals and birds. Virus was stained using 1% phosphotungstic acid (A) and 0.5% uranyl acetate (B). Scale bar, 100 nm. Images were processed using Adobe Photoshop and included the adjustment of brightness and contrast and application of the unsharp mask filter.](zjv9990909850007){#F7}

Survey of hepadnavirus prevalence in white sucker. {#sec3-5}
--------------------------------------------------

Core protein RNA was identified in fish sampled from four of five sites in the Great Lakes region ([Fig. 8](#F8){ref-type="fig"}). The highest prevalence was observed in Milwaukee, WI (Milwaukee River), where expression of the core protein gene was noted in 40% of sampled fish (*n* = 20). At three other sites, Duluth, MN (St. Louis River; *n* = 86), Maumee, OH (Swan Creek; *n* = 37), and Green Bay, WI (Fox River; *n* = 16), core protein RNA was reported in 3 to 7% of sampled fish. In Detroit, MI (Detroit River; *n* = 10), no core protein RNA was detected.

![Prevalence of core protein RNA transcription in liver tissue of white sucker collected in the Great Lakes (United States) region. (A) Absolute number of fish with detectable transcripts. (B) Normalized copy number of transcripts.](zjv9990909850008){#F8}

Assessment of the presence of WSHBV DNA in white sucker from the Root River (Racine, WI) via endpoint PCR identified a prevalence of 20% among sampled fish (*n* = 20). The prevalence of virus was not statistically different from that observed at the geographically proximate Milwaukee River site (Fisher\'s exact test, *P* = 0.3). We detected viral DNA in the plasma samples from the same four Root River individuals that were positive by PCR (data not shown). Absence of amplicons from numerous individuals confirmed that this PCR primer set does not amplify an endogenous viral relic.

Association of WSHBV replication and liver neoplasms. {#sec3-6}
-----------------------------------------------------

We compared the prevalence of intrahepatic tumors (HCC, CO, CC, and HA) with the prevalence of viral transcription in white suckers sampled throughout the Great Lakes region (*n* = 169). The multisite composite prevalence of virus (9.5%) and tumors (4.9%) was low. The Jaccard similarity coefficient between virus prevalence and tumor prevalence was low (0.16). Fish were identified that were virus positive/tumor negative (7.1%), tumor positive/virus negative (3.0%), and positive for both (2.4%) ([Table 3](#T3){ref-type="table"}). Only one HCC was identified and that fish was virus positive. Four individuals were diagnosed with CC, two of which were also virus positive.

###### 

Prevalence of viral transcription and tumors in white suckers from each AOC collection site

  Site              Sample size (no. of fish)   No. of fish positive for:       
  ----------------- --------------------------- --------------------------- --- ---
  St. Louis River   86                          5                           2   1
  Maumee            37                          1                           0   0
  Detroit River     10                          0                           0   0
  Fox River         16                          0                           0   1
  Milwaukee River   20                          6                           3   2

DISCUSSION {#sec4}
==========

Here, we identify the first complete genome of a hepadnavirus associated with fish. The confirmation of a circular genome, observation of complete virions in fish plasma, and presence of the virus in some, but not all, fish or locations provide strong evidence that the WSHBV sequence reported here is that of an infectious agent and not that of an endogenous virus. Additionally, we have identified a putative hepadnavirus polymerase sequence associated with an African cichlid hepatic transcriptome shotgun assembly that provides further evidence that there are other hepadnaviruses that infect fishes. Differences in predicted proteins between WSHBV and hepadnaviruses from mammals and birds are sufficient to support proposing the creation of a novel genus containing WSHBV as the type species. Here, we refrain from suggesting a specific genus name prior to acceptance by the International Committee on Taxonomy of Viruses. Due to the identification of only one viral transcript for the African cichlid hepadnavirus, additional information will be needed before its taxonomic status is clear.

The evolutionary origin of hepadnaviruses remains controversial. Until recently, records of endogenization in the genomes of extant avian, rodent, and primate hosts were lacking. This forced insights into the evolutionary history of members of the family Hepadnaviridae to be based solely on sequence analysis of extant HBVs. Using this approach, the last common ancestor of Orthohepadnavirus and Avihepadnavirus was dated to 30,000 years ([@B36]) or 125,000 ([@B37]) years ago. Paleovirological analyses have found HBV endogenous viral elements (EVEs) to be widely distributed in birds ([@B38]), including the genome of the zebra finch, a species not documented as an extant host of HBV ([@B39]). Phylogenetic analyses of endogenous zebra finch HBV-derived EVEs suggest that the common ancestor of viruses in the family Hepadnaviridae infected birds and that the mammalian hepadnaviruses emerged following a bird-mammal host switch ([@B26]). Suh et al. ([@B26]) suggested that the ancestor of the current members of the family Hepadnaviridae likely infected an amniote ancestor living \>324 million years ago, which is significantly earlier than previous estimates. The complete WSHBV genome is 165 bp larger than the longest reported hepadnavirus genome (roundleaf bat), lacks the X protein (or X-like protein), and contains a large, presumptively noncoding region where the X protein is located in orthohepadnaviruses. Duck hepatitis B virus contains what has been described as a vestigial X open reading frame ([@B40]). It has been suggested that the common ancestor of Hepadnaviridae did not encode a fourth ORF (X or X-like protein) ([@B41]), which is the case for the WSHBV. It is possible that the noncoding region of WSHBV is a precursor to the X open reading frame and that the noncoding region of the WSHBV genome provided noncoding nucleotides as a substrate for overprinting and the emergence of an X protein. Conversely, it is possible that this region devolved from an ancestral X gene that was not necessary in fish hosts. We suggest that the origin of this virus family may predate amniotes. We did not find evidence of endogenization of WSHBV-like viruses in publicly available fish genomes, but few such genomes are presently available for paleovirological investigation.

The prevalence of WSHBV was variable between sampling sites, as assessed via WSHBV core protein mRNA transcription. Virus-positive individuals were identified from four of five sites representing three of the Great Lakes: Superior, Michigan, and Erie. Geographically, fish positive for replicating virus spanned a distance of approximately 1,164 nautical km. In humans, HBVs are represented by eight different genotypes with a cosmopolitan distribution ([@B42]). In bats, evidence of different virus strains separated by 430 km has been reported ([@B43]). Therefore, the geographic distribution of our sampled virus may include multiple genotypes. We have evidence that nucleotide 3413 of the Root River WSHBV differs from that from the pool of hepatic RNA used for the initial virus discovery. Here, we should emphasize that the prevalence of WSHBV is likely higher at these sites than indicated by our estimates, given that endpoint PCR is less sensitive than quantitative PCR (qPCR) ([@B44]) and that measuring viral RNA interjects a virus life cycle bias. Development of a nonlethal, rapid qPCR for future sampling of wild fish is a priority for subsequent assessment of the prevalence of WSHBV as well as investigations into genetic diversity and spatial distribution. These data could facilitate the reconstruction of the evolutionary history of the virus and provide preliminary knowledge of the potential of the virus to be transmitted between localities.

Early investigation of viral replication and antiviral drugs for HBV has relied heavily on animal models, particularly the duck and woodchuck. The discovery of WSHBV and the putative HBV in Ophthalmotilapia ventralis may provide an opportunity for the development of other model systems. This could assist further investigation of hepadnavirus replication, evolution, drug testing, and liver pathogenesis. A hepatitis E virus isolated from the cutthroat trout has provided similar opportunities ([@B45]). Fish represent the largest, most diverse group of vertebrates, with over 30,000 extant species. Although tumors have been identified in more than 300 species of fish ([@B46]), there is no evidence to support oncovirus induction of hepatic neoplasia in these species. Viruses of the family Herpesviridae and Retroviridae are associated with skin neoplasia in a number of fish species ([@B47], [@B48]). The tropism of HBV for hepatocytes and known association with acute and chronic liver diseases, many of which have historically been attributed to contaminants in previous studies of white sucker, warrant the investigation of the association of HBV with liver pathology. We identified a small percentage (2.4%; 4 of 169) of fish that were both virus and tumor positive. One of these virus-positive fish was diagnosed with a hepatocellular carcinoma. Two additional virus-positive fish were diagnosed with cholangiocarcinoma. This data set, however, is not sufficient to infer relationships between virus and carcinogenesis. Initiation of neoplasia by orthohepadnaviruses often requires decades of chronic infection in humans; thus, the relationship between viral infection and neoplasia is often not straightforward. Of note, the WSHBV described here lacks the X protein associated with the induction of neoplasia ([@B49]). To date, attempts have not been made to isolate and propagate this virus via cell culture. Considerable future research is necessary to investigate a mechanistic relationship of WSHBV with liver pathology, including necrosis, inflammation, and preneoplastic and neoplastic changes, as well as advance our understanding of the molecular biology and immunobiology of hepadnaviruses. Identification of this fish host and novel hepadnavirus may offer an additional research model system.

Supplementary Material
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